One strategy for isolating or eliciting antibodies against a specific target region on the envelope glycoprotein trimer (Env) of the human immunodeficiency virus type 1 (HIV-1) involves the creation of site transplants, which present the target region on a heterologous protein scaffold with preserved antibody-binding properties. If the target region is a supersite of HIV-1 vulnerability, recognized by a collection of broadly neutralizing antibodies, this strategy affords the creation of ''supersite transplants'', capable of binding (and potentially eliciting) antibodies similar to the template collection of effective antibodies. Here we transplant three supersites of HIV-1 vulnerability, each targeted by effective neutralizing antibodies from multiple donors. To implement our strategy, we chose a single representative antibody against each of the target supersites: antibody 10E8, which recognizes the membrane-proximal external region (MPER) on the HIV-1 gp41 glycoprotein; antibody PG9, which recognizes variable regions one and two (V1V2) on the HIV-1 gp120 glycoprotein; and antibody PGT128 which recognizes a glycopeptide supersite in variable region 3 (glycan V3) on gp120. We used a structural alignment algorithm to identify suitable acceptor proteins, and then designed, expressed, and tested antigenically over 100-supersite transplants in a 96-well microtiter-plate format. The majority of the supersite transplants failed to maintain the antigenic properties of their respective template supersite. However, seven of the glycan V3-supersite transplants exhibited nanomolar affinity to effective neutralizing antibodies from at least three donors and recapitulated the mannose 9 -N-linked glycan requirement of the template supersite. The binding of these transplants could be further enhanced by placement into self-assembling nanoparticles. Essential elements of the glycan V3 supersite, embodied by as few as 3 N-linked glycans and ,25 Env residues, can be segregated into acceptor scaffolds away from the immune-evading capabilities of the rest of HIV-1 Env, thereby providing a means to focus the immune response on the scaffolded supersite.
Introduction
Antibody isolation and immunogen design are critical components in the current global effort to design an effective vaccine against the human immunodeficiency virus type 1 (HIV-1) (reviewed in [1, 2] ). The HIV-1 viral spike is metastable and protected from antibody recognition by multiple overlapping mechanisms of immune evasion [3] [4] [5] [6] [7] [8] . A plethora of antibodies are elicited against the viral spike or its component subunits, gp120 and gp41, early in natural infection or after vaccination, but virtually none are capable of broad and potent neutralization. Nevertheless, after 2-3 years, the human immune system does generate -in ,20% of HIV-1-infected individuals -effective broadly neutralizing HIV-1 antibodies [9, 10] , with about half of chronically infected donors showing antibodies of neutralization breadth [11] [12] [13] [14] [15] [16] . Substantial effort has been mounted to isolate such antibodies (to understand their immune mechanisms of effective HIV-1 recognition) and to elicit similar antibodies (to protect prophylactically against HIV-1 infection). The difficulty is that, in sera, broadly neutralizing antibodies exist among a much larger number of Env-reactive antibodies with poor or no neutralizing capacity, and immunization with Env variants has not succeeded in eliciting broadly protective responses. There is thus a need for probes to bind specifically to desired effective antibodies and for immunogens to elicit them.
HIV-1 Env contains many immunodominant epitopes recognized by non-neutralizing antibodies, which greatly outnumber the desired effectively neutralizing antibodies. One strategy to circumvent this problem involves the development of antibodyepitope scaffolds [17] [18] [19] [20] [21] [22] [23] , in which the residues recognized by a template antibody are separated from the rest of Env through transplantation to a heterologous protein scaffold, while retaining high affinity to the template antibody (Fig. 1, left) . However, because the immune system generates a highly diverse immune response in each individual, an epitope scaffold capable of only binding to a very small proportion of neutralizing antibodies may be too specific to identify antibodies in diverse sera or to elicit an effective immune response. Rather, a focus on antigenic mimics of supersites of Env vulnerability, sites on the virus recognized by multiple highly effective neutralizing antibodies from multiple infected donors (reviewed in [24] ), might recapitulate the ability of the template supersite to be recognized by antibodies from diverse sera and to elicit similar effective antibodies upon inoculation ( Fig. 1, right) .
Here we present a supersite-transplantation strategy that (1) used a structural alignment algorithm to identify acceptor scaffolds, (2) employed a 96-well expression platform to facilitate experimental screening of transplants, and (3) validated transplantation with broadly neutralizing antibodies from multiple donors. We screened three HIV-1 supersites of vulnerability to neutralizing antibody. With each of the three sites, we and others had previously determined at least one broadly neutralizing antibody bound to the target supersites. Our results demonstrate that a scaffolding-transplantation algorithm, which allows for a limited degree of structural variation in epitope matching, can identify proteins with suitable backbone geometry to accommodate a site of interest, and that a combined computational-experimental strategy offers an efficient method for the design and screening of probes and immunogen candidates. Furthermore, we provide insight into the glycan V3 supersite [25] , perhaps the region of HIV-1 Env most commonly recognized by broadly neutralizing antibodies elicited in the first 2-3 years of infection. Notably, as little as 25 HIV-1 Env amino acids -when properly scaffoldedare able to recapitulate much of the antigenicity of this important Env region of HIV-1 vulnerability to neutralizing antibody. 
Results

Supersite transplantation
The essence of supersite transplantation or scaffolding strategies lies first in the assumption that there exist a sufficient number of proteins in the structure database suitable for presenting the epitope or Env site of interest, and second in the assumption that the antigenic properties of a target supersite -which may encompass a relatively large portion of Env -can be recapitulated in a structurally constrained subportion of the template site. As shown in recent studies [17] [18] [19] [20] [21] [22] [23] , generally only a few scaffolded epitopes have the desired antigenic profile, likely due to the small number of scaffolds obtained or to expression problems with epitope scaffolds caused by the grafting of a foreign epitope.
We used TM-align [26] , a structural alignment algorithm, to search for suitable scaffolds in a culled database of protein structures (Fig. S1 ). In contrast with other widely used methods [27, 28] , TM-align uses a scoring scheme that emphasizes global similarity in structure over local deviations as is typically employed when using root-mean-square deviation (RMSD). Since our ultimate goal was to graft the transplanted region onto a selected scaffold, we used a steric clash filter with van der Waals and DFIRE statistical potentials [29] to ensure that selected scaffolds could accommodate the transplanted region after grafting.
TM-align-identified scaffolds were evaluated for their fitness to accept the HIV-1 transplant based on RMSD, clash score, and a solvent accessibility ratio of greater than 40 after transplantation (see Methods). The next sections provide details on transplantation of three supersites of HIV-1 vulnerability: the membrane-proximal external region (MPER) on HIV-1 gp41; variable regions 1 and 2 (V1V2) on the HIV-1 gp120 envelope glycoprotein, and the conserved glycan base of variable region 3 (glycan V3) also on gp120.
MPER-supersite transplants
Antibodies recognizing the membrane-proximal external region (MPER) on gp41 (Fig. 2a) , such as 2F5 [30] and 4E10 [31, 32] were among the earliest broadly neutralizing HIV-1 antibodies isolated. The more recent isolation of the MPER-specific antibody 10E8 [33] -which neutralizes .98% of tested viruses, shows no signs of autoreactivity, and binds to an epitope that overlaps that of 4E10 -confirms the MPER as an HIV-1 supersite of vaccine interest. The structure of 10E8 in complex with a peptide encompassing the entire 28-residue gp41 MPER (residues 656-683) was previously determined at a resolution of 2.1 Å [33] . The structure of 10E8-bound MPER was found to be comprised of two helices, with the C-terminal helix forming the primary contacts with 10E8 and the hinge region between the two helices forming additional contacts with the second complementarity-determining region of the 10E8 heavy chain (CDR H2). Structural analysis and binding experiments revealed that the minimal 10E8 epitope is likely located within residues 668-683 of the MPER peptide [33] , which overlaps considerably with the 4E10, Z13, and CH12 epitopes [34] [35] [36] .
Through use of the structural alignment algorithm, two definitions of the 10E8-defined target site were explored to search for suitable acceptor scaffolds: one comprising gp41 residues 659-684 as in chain F in the crystal structure (PDB ID 4G6F) [33] , and the other comprising gp41 residues 664-684, composed predominantly of the C-terminal helix and hinge regions as in chain P (Fig. 2b) . The C a RMSD cutoff used in epitope matching was set to 3 Å in the first scaffolding search and to 2 Å in the second search. Six scaffolds were identified with backbone geometry resembling the full 10E8 epitope (Table 1) , and for each of these, 4-5 variants were designed to graft the minimal epitope, the minimal epitope plus hinge, and the full epitope (Table S1 in  File S1 ). In total, 27 MPER-supersite transplants were obtained from the search using the full epitope. For the search using only the C-terminal helix and hinge region of the epitope, 15 parent scaffolds, or 20 including variants thereof, were obtained ( Table 1) . The 47 transplants from both searches were expressed in HEK293T cells in a 96-well microplate format, with a 2F5 scaffold (2F5-ES2) [17] used as control. Expression levels were quantitated by bio-layer interferometry using anti-penta-his biosensors. Overall the MPER-supersite transplants showed low expression, most likely attributed to the exposed hydrophobic surface (Fig. 2c, top panel) . When tested for 10E8 binding, three parent supersite transplants derived from PDB IDs 3C8I, 3MHS [37] and 3AGJ [38] , heretofore referred to as MPER-ST01, MPER-ST02, and MPER-ST03, respectively, showed high reactivity in ELISA assays (Fig. 2c, bottom panel) , suggesting that the 10E8 epitope was indeed present in these transplants. Two of the transplants, MPER-ST01 and MPER-ST02, were identified in searches with gp41 residues 659-683 and yielded predicted C aRMSDs of 1.34 and 1.25 Å to the gp41 template, respectively ( Table 1) . Similarity of epitope-matching regions was particularly high for the primary 10E8 contact region within the C-terminal helix, yielding C a -RMSDs of 1.28 and 0.80 Å (with the full epitope used for superposition), respectively. The third transplant recognized by antibody 10E8, MPER-ST03, was identified in searches with the more limited MPER epitope (gp41 residues 664-683) ( Table 1) .
MPER-supersite transplants recognized well by antibody 10E8 were next tested for recognition by MPER-specific antibodies from other donors, including antibodies 4E10 and CH12, whose epitopes, like that of 10E8, are located within the C-terminal portion of the MPER [31, 36] (Fig. 2d) . Three of the MPERsupersite transplants, MPER-ST01-03, showed recognition to both 10E8 and 4E10, but binding to 4E10 was noticeably weaker than to 10E8 and no recognition to CH12 was observed. In contrast, the MPER as a free peptide is known to bind all MPER-directed broadly neutralizing antibodies with high affinity [33, 36, 39] .
V1V2-supersite transplants
Although variable regions 1 and 2 (V1V2) of the HIV-1 gp120 envelope glycoprotein are among the most sequence variable regions of the HIV-1 viral spike, V1V2 can be recognized by a number of glycopeptide-directed broadly neutralizing antibodies such as PG9, PG16, CH01-04 and PGT141-145, from donors IAVI 24, CHAVI 0219 and IAVI 84, respectively [40] [41] [42] (Fig. 3a) . One particular N-linked glycan at position 160 (HXB2 numbering) defines specificity for all these antibodies, with a second glycan at residue 156 or 173 (depending on isolate) also of importance. The structure of the V1V2 domain in complex with antibody PG9 has been determined for two clade C strains (CAP45 and ZM109) to 2.19 and 1.80 Å , respectively, delineating atomic details of its glyco-peptide epitope [43] . These structures reveal that V1V2 adopts a Greek key motif with strands B and C harboring two PG9-interacting glycans. Similar results were also seen in the structure of V1V2 in complex with PG16, which is clonally related to PG9, although the specific glycan requirements differed [44] . The structure of PG9 bound to a soluble gp140 trimer revealed an asymmetric recognition suggesting that potential quaternary interactions may account for the preference of viral spikes over monomeric gp120s for PG9 [45] , and the recent structures of the BG505 SOSIP trimer confirmed atomiclevel details for a quaternary V1V2 epitope to be spatially in close proximity to the trimeric axis of the viral spike [7, 8] . Nonetheless, PG9 has sufficient affinity to monomeric full length V1V2 scaffolds to form stable complexes, with the primary interaction mediated through a glycopeptide epitope from strands B and C of a single gp120 protomer [43] .
We tested whether the transplantation of less than the full trimeric V1V2 -perhaps as little as monomeric strands B and Cmight allow for a site transplant with antigenic properties comparable to the entire V1V2 (Fig. 3b) . By using a structural alignment-based scaffolding algorithm, four design ''ideas'' were explored by matching (i) strands B and C (residues 154-177) to small structurally characterized peptides; (ii) strands B and C to surface-exposed b-hairpin regions; (iii) entire Greek key motif (residues 126-196) comprising four strands to surface-exposed patches; and (iv) an extended stem of the B and C strand termini to similar regions in proteins that can be used as a base to graft strands B and C. A search of the protein structure database identified 33 scaffolds as candidates for site transplantation ( Table 2 ) and 67 supersite transplants consisting of strands B and C from V1V2 were designed with up to 3 variants per individual scaffold (Table S2 in File S1).
All 67 supersite transplants were expressed in HEK293 GnTI 2 cells in a 96-well microplate and expression levels were quantitated by bio-layer interferometry using anti-penta-his biosensors. Four scaffolded V1V2 proteins with high expression level, 1JO8_ Cap45, 1JO8_ZM109, 1FD6_Cap45 and 1FD6_ZM109 [43] , were used as controls in the expression assays with a full length gp120 lacking a his-tag as a negative control. Overall, the expression level of the 67 supersite transplants was lower than the four scaffolded V1V2 proteins by several-fold; however, several site transplants showed comparable expression levels (Fig. 3c , upper panel). The transplants were further examined for PG9 binding via ELISA with Ni 2+ -coated plates. Although most of the proteins showed negligible binding to PG9, epitope-scaffolds derived from 2ZJR [46] , 2VXS [47] , 1VH8 [48] , 3DDC [49] and 1X3E [50] exhibited similar PG9 binding reactivity (by OD 450 ) with respect to the four scaffolded full length V1V2 domains (Fig. 3c, lower panel) , suggesting that the PG9-bound epitope conformation was properly presented in these scaffolds while employing only strands B and C from the V1V2 domain.
In addition to PG9 binding, all supersite transplants were tested for binding to broadly neutralizing V1V2-directed antibodies from other donors, such as PGT142 and PGT145 (donor IAVI84) and CH01 and CH04 (donor CHAVI 0219) to validate appropriate site transplantation (Fig. S2) . ELISA results reveal that (1) whereas the scaffolded V1V2 proteins used in the crystallization of PG9 [43] only bound to PG9, two supersite transplants (V1V2-ST01 and V1V2-ST04) that bound to PG9 were also reactive to other V1V2-directed neutralizing antibodies (Fig. 3d) ; and (2) although the same minimal epitope was presented by each scaffold, specific V1V2-directed antibodies bound differently depending upon the scaffolding context, with PGT142 showing the broadest recognition. Despite ELISA-positive binding, none of these transplants retained the nanomolar affinity of the trimeric V1V2 ''cap'' to broadly neutralizing V1V2-directed antibodies, indicating a failure of these transplants to recapitulate the antigenicity of the target supersite. Likely this failure relates to the quaternary requirements of most V1V2-directed antibodies, and the fact that only a monomeric V1V2 was transplanted in the supersite transplants described here.
Glycan V3-supersite transplants
A glycosylated conserved portion of the variable region 3, termed ''glycan V3'' on HIV-1 gp120, is another vaccine target of importance (reviewed in [24] ) (Fig. 4a) ; notably, the glycan V3 supersite is recognized by the most common broadly neutralizing antibodies elicited during the first two to three years of infection. A series of human antibodies, represented by 2G12, PGT121-123, 10-1074, PGT125-131, PGT135-137, and VRC24 have been isolated with glycan V3-directed specificity [42, [51] [52] [53] . Previously, a truncated V3 region comprising a ''mini-V3'' [54] of 3 N-linked glycan and ,25 amino acids was developed by Stanfield, Wilson and colleagues in the context of an engineered gp120 outer domain (eODmV3) that bound the PGT128 antibody, and the structure of the complex was reported at a resolution of 3.25 Å (Fig. 4b) . The crystal structure revealed that PGT128 interacts with two conserved glycans at positions 332 and 301 and with the C-terminal region of the V3 loop, and that a mannose 9 -N-linked glycan was critical at position 332 [54] . Based on the structure, we hypothesized that a protein with a surface-exposed b-hairpin that was structurally similar to the mini-V3 would be a suitable acceptor scaffold for the entire glycan V3 supersite of vulnerability. With the structural alignment-based algorithm, two stem regions of the V3 loop were used as templates to search for scaffolds with: (1) number of residues in the range of 40-80, (2) C a RMSD lower than 1.5 Å , and (3) a clash score near zero. Twenty nonhomologous proteins were selected (Table 3) , and the mini-V3 was grafted onto each scaffold (Table S3 in File S1).
Similar to the screening of V1V2-supersite transplants, all 20 glycan V3-supersite transplants were expressed in HEK293T cells in the 96-well microplate and in the presence of 10 ug/ml kifunensine to ensure uniform mannose 9 -N-linked glycosylation. A 2F5 scaffold, 2F5-ES2 [17] , with high expression level was used as a control in expression assays (Fig. 4c, top panel) . The binding of the glycan V3-supersite transplants to PGT128 was assessed by ELISA. 11 of these 20 transplants bound to PGT128 with OD 450 ranging from 1.0 to 3.5 ( Fig. 4c , bottom panel, Fig. S3 ) (glycan V3-ST01-ST11). We also tested binding of these 11 transplants to glycan V3-directed antibodies from other donors. Remarkably, seven of the glycan V3-site transplants showed tight binding to glycan V3-directed broadly neutralizing antibodies from at least three other donors (Fig. 4d ).
Structural and glycan specificity of glycan V3-supersite transplants
Because the seven glycan V3-supersite transplants that we identified through our combined computational-experimental strategy differed so substantially in their antigenic behavior from the more than 100 other transplants in their ability to bind broadly neutralizing antibodies from multiple donors, we sought to further characterize the structural and antigenic integrity of these supersite transplants and their recognizing antibodies. Table 1 . Twenty-one acceptor proteins identified for MPER-supersite transplantation by using a TMalign-based search method. Listed items include supersite index, PDB identifier, chain name, percent secondary structure composition (helix/sheet), number of residues in the supersite, number of residues aligned to the epitope, C a RMSD of aligned residues, TM-score from TMalign output, solvent accessibility ratio between the epitope-matching region in the transplant context versus the epitope alone, transplant-antibody clash score, and number of variants designed based on each transplant. doi:10.1371/journal.pone.0099881.t001 Figure 3 . V1V2-supersite transplants. Supersite transplants were designed to maintain the PG9-interacting strands B and C in the antibody bound conformation. Four design ideas were explored for transplanting the B and C strands: matching (i) strands B and C (residues 154-177) to small structurally characterized peptides; (ii) strands B and C to surface-exposed b-hairpin regions; (iii) the entire Greek key motif (residues 126-196) comprising four strands to surface-exposed patches; and (iv) extending the base of the B and C strands (A) V1V2-supersite location on viral spike. (B)
We first explored whether the recognizing antibodies could bind to mini-V3 in a flexible, non-scaffolded context. We linked mini-V3 comprising the 2 sites of N-linked glycosylation and ,25 amino acids with no scaffold, but only a flexible linker, to the constant region (Fc) of an immunoglobulin to create ''mini-V3-Fc''. We test the recognition of mini-V3-Fc by a panel consisting of 15 broadly neutralizing antibodies from 5 donors ( Table 4) . None of the broadly neutralizing antibodies directed with glycan V3-specificity bound to the mini-V3-Fc construct ( Table 4) . A substantial proportion of the broadly neutralizing antibodies did, however, show nM affinity to multiple glycan V3-supersite transplants, though not to other regions of Env ( Table 4) . These results indicate that recognition of the transplanted mini-V3 was dependent on the heterologous protein scaffold providing an appropriate structural context.
Next we analyzed the glycan requirements of recognizing antibodies for the glycan V3-supersite transplants. A mannose 9 -Nlinked glycan is known to be required at residue N332 of HIV-1 for recognition by broadly neutralizing antibodies like PGT122, PGT128, PGT135 and 2G12 [42, 55, 56] . Only when the glycan V3-site transplants were expressed in the presence of kifunensine (which ensures mannose 9 -N-linked glycosylation) but not in the presence of swansonine (which allows glycan processing to produce mannose 5 -N-linked glycans and hybrid biantennary sugars) did the broadly neutralizing antibodies PGT128, 10-1074 and 2G12 recognize the seven glycan V3-supersite transplants (Fig. 5) . These results indicate that recognition by the broadly neutralizing antibodies for the glycan V3-supersite transplants retained the same dependence for a particular type of N-linked glycosylation as with recognition of native Env.
Mini-V3 comprises essential components of glycan V3 supersite
To gain insight into the ability of the transplanted mini-V3 to recapitulate both the glycan-requirements and the antigenic recognition of the glycan V3 supersite, we analyzed the structural composition of epitopes recognized by glycan V3-targeting broadly neutralizing antibodies (Fig. 6a,b) . Crystal structures of Env complexes have been determined with glycan V3-directed broadly neutralizing antibodies from three donors: antibody PGT122 from IAVI donor 39 in the context of the BG505 SOSIP.6R.664 Env trimer [7] ; antibody PGT128 from donor IAVI 36 in the context of the gp120 outer domain [54] ; and antibody PGT135 from donor IAVI 17 in the context of gp120 core [25] . We analyzed the PGT122, PGT128 and PGT135 recognized epitopes for contribution from the 25 residue mini-V3 ( Fig. 6b-d) . The recognized Env surface of PGT122 comprised about two thirds N-linked glycan and one third protein; of these, about 60% of the PGT122 epitope was contained in the mini-V3. For PGT128, the entire recognized Env surface was contained in mini-V3, of which protein surface from about 12 mini-V3 residues contributed 30% of the interactive surface and glycans 301 and 332 contributing the remaining 70% of the interactive surface. For PGT135, less than half the recognized Env surface was contained in mini-V3.
We quantified the relative ability of somatic variants from donors from which multiple broadly neutralizing antibodies have been isolated to recognize the glycan V3-supersite transplants. Antibodies from donor IAVI 36 (PGT125-131) showed the most comprehensive recognition: for the best 7 transplants, 29 tested combinations showed nM affinity out of a possible 35. For donor IAVI 39 (PGT121-123, 10-1074 and 10-996) and with the best 7 transplants, 14 tested combinations showed nM affinity out of a possible 35. For donor IAVI 17 (PGT135-137), for the best 7 transplants, only 1 tested combination showed mM affinity out of a possible 21. Similar ratios of recognition were observed for all 11 transplants with positive ELISA recognition of PGT128. Notably, these ratios correlated with the percentage of the epitope contributed by the mini-V3 (Fig. 6E) . Altogether these results indicate that the ability of the glycan V3-site transplants to recapitulate recognition by template broadly neutralizing antibodies correlates with the transplanted portion of the epitope. Despite retaining less than 50% of the supersite, glycan V3 transplants may still have nM affinity to the target antibodies.
Glycan V3-supersite transplants in nanoparticle contexts
Finally we asked how the placements of the transplants into nanoparticle contexts might alter the recognition by the target antibodies. Because nanoparticles have shown utility in enhancing both antigenicity and immunogenicity [57] and because the small, rigid proteins identified as suitable acceptor scaffolds for the glycan V3-supersite of vulnerability might be also suitable for presentation on a virus-like particle (VLP) or other multivalent platforms [58] , we transplanted the glycan V3-supersites into the ferritin nanoparticle context (Table S4 in File S1). The ferritin from H. pylori has octahedral symmetry and assembles into a nanoparticle of 24 subunits, arrayed as 8 trimers, and placement of influenza hemagglutinin in this context was shown to enhance immunogenicity by over 10-fold [57] . When tested by surface plasmon resonance, the glycan V3-supersite transplants in the ferritin nanoparticle context retained their ability to bind to broadly neutralizing antibodies. Notably, the off-rate of the interaction with antibodies was reduced in the ferritin nanoparticle context relative to the native immunogen (Fig. 7a, Table 5 ). We also analyzed how the nanoparticle context affected recognition to the multiple somatic variants from IAVI donors 17, 36 and 39. The results showed that the presentation of glycan V3 site in nanoparticle context did not change the overall antigenic profile although it did improved their apparent affinity (Fig. 7b) . Together, these results indicate that the antigenicity of mini-V3 could be enhanced by structure-based means of optimization, in this case, by nanoparticle oligomerization.
Discussion
HIV-1 and other pathogens employ multiple overlapping mechanisms to evade the immune response. One potential strategy to overcome these immune-evading mechanisms is to extract a particular viral epitope recognized by a potent neutralizing antibody and to present it in a scaffolded context that retains the antigenic character of the epitope, but separates it from the Table 2 . Thirty-three protein scaffolds identified for PG9 epitope transplantation using a TMalign-based search method. Listed items include scaffold index, PDB identifier, chain name, percent secondary structure composition (helix/sheet), number of residues in the scaffold structure, number of residues aligned to the epitope, C a RMSD of aligned residues, TM-score from TMalign output, solvent accessibility ratio between the epitope-matching region in the scaffold context versus the epitope alone, scaffold-antibody clash score, and number of variants designed based on each scaffold. doi:10.1371/journal.pone.0099881.t002
immune-evading mechanisms that hinder the elicitation of effective neutralizing antibodies in the native viral context. There are now multiple examples of epitope-focused vaccine design in both sequence and various structure-based contexts. In 2006, Chakraborty and colleagues showed that transplantation of the V3 region from HIV-1 gp120 into a thioredoxin scaffold could elicit neutralizing antibodies to the MN strain of HIV-1, though not to Tier 2 neutralization-resistance strains like JR-FL or BAL [59] , while later studies showed that a constrained V3 peptide was a more optimal immunogen than a linear one [60] . In 2010, Ofek and colleagues showed that scaffolding of the MPER epitope for the 2F5 antibody into various acceptor scaffolds allowed for structure-specific elicitation, with elicited antibodies able to induce the scaffolded b-hairpin in flexible MPER peptides, which otherwise assume helical conformations [17] . In 2010, Totrov and colleagues showed that placement of the V3 region from HIV-1 gp120 into a multivalent cholera toxin scaffold could, after DNA-prime/protein boost, elicit an immune response that Table 3 . Twenty protein scaffolds identified for glycan V3-supersite transplantation by using a TMalign-based search method. Listed items include scaffold index, PDB identifier, chain name, percent secondary structure composition (helix/sheet), number of residues in the scaffold structure, number of residues aligned to the epitope, C a RMSD of aligned residues, TM-score from TMalign output, solvent accessibility ratio between the epitope-matching region in the scaffold context versus the epitope alone, scaffold-antibody clash score, and number of variants designed based on each scaffold. doi:10.1371/journal.pone.0099881.t003
potently neutralized multiple strains of HIV-1 [61] . In 2013, McLellan and colleagues showed that stabilization of a neutralization-sensitive site of vulnerability on the RSV fusion glycoprotein afforded the elicitation of high titers of RSV-neutralizing antibodies [62] . And in 2014, Correia and colleagues created epitope scaffolds that placed the helix-loop-helix region of RSV recognized by the motavizumab antibody into a multivalent context, which elicited RSV-neutralizing antibodies in NHP [23] ; surprisingly, the elicited antibodies bound primarily to the loop region of the epitope, not the helical regions recognized by the motavizumab antibody, demonstrating the difficulty in replicating the elicitation of a particular template immune response.
To surmount such difficulties, we propose that epitope-focused vaccine design should focus on supersites of viral vulnerability, targeted by highly effective neutralizing antibodies elicited in multiple donors. These supersite transplants should, moreover, replicate the antigenicity of the template supersite. It was not clear when we began this study, if such supersite transplants could be successfully created. For example, with the CD4-binding site on HIV-1, a supersite of vulnerability recognized by antibodies such as b12, HJ16, VRC01 and others, b12-epitope scaffolds or minimal fragments have been created [19, 63] , the resultant epitope scaffolds and minimal fragments, however, were highly specific for antibody b12 [19, 63] .
Our work with other HIV-1 supersites of vulnerability failed to mimic the broad antigenicity of both the MPER and V1V2 regions. The MPER assumes different conformations when recognized by MPER-directed broadly neutralization antibodies, and this conformational diversity likely provides an explanation for the lack of broad antigenicity of the MPER-supersite transplants, which were designed to display a particular MPER conformation. We note in this context that the MPER as a free peptide displays broad antigenicity, but the MPER peptide is also recognized by non-neutralizing antibodies, and thus does not have the desired specificity for broadly neutralizing antibodies of an appropriately scaffolded site transplant. Meanwhile the V1V2 site is close to the trimeric axis of the functional viral spike, and all broadly neutralizing antibodies that recognize this site demonstrate more than 100-fold greater affinity for the trimeric Env assembly over monomeric gp120; the quaternary nature of the V1V2 site provides a likely explanation for the failure of monomeric transplants to re-create the broad antigenicity of V1V2.
In contrast, the glycan V3-supersite transplants, which utilize a mini-V3 portion of HIV-1 comprising 3 N-linked glycans and ,25 amino acids, succeeded in replicating the antigenicity of the glycan V3 supersite against a number of broadly neutralizing glycan V3-directed antibodies from diverse donors. Moreover, the mini-V3 in a non-scaffolded context failed to be recognized by broadly neutralizing antibodies, indicating that the structural integrity provided by the scaffold was critical to the glycan V3-supersite transplants.
Only a portion of the glycan V3 supersite was transplanted, and the degree of antigenic mimicry against antibodies from a specific donor correlated with the portion of the transplanted supersite recognized by antibodies from that specific donor (Fig. 6E) . A design that incorporates the transplantation of a larger portion of the supersite may have greater antigenic breadth. In this regard, it should be noted that the glycan V3-supersite is one of the most promiscuously recognized of the HIV-1 Env supersites of vulnerability. Antibodies that recognize this supersite range from PGT122, which binds a glycopeptide V1-V3 spanning epitope [7] , to PGT135, which binds a glycopeptide V3-V4 spanning epitope [25] , and to 2G12, which binds a glycan-only epitope [64] . It remains to be seen whether transplants comprising greater Table 4 . Binding affinity of glycan V3-supersite transplants to antibodies isolated from diverse donors. portions of the glycan V3 supersite would make more effective probes or immunogens; we note in this context that it remains to be shown whether the glycan V3-supersite transplants described here can elicit effective HIV-1-neutralizing antibodies -either alone, as cocktails, or as components in prime/boost regimens. Nevertheless, the structural and antigenic analyses described here, along with the successful oligomerization of the glycan V3-supersite transplants in the ferritin nanoparticle context, do demonstrate that supersite transplants with antigenic mimicry of the template supersite can be achieved through transplantation of only a portion of the recognized supersite. Overall, the design framework and described glycan V3-supersite transplants provide both conceptual context and initial immunogens for a supersitefocused vaccine effort. 
Materials and Methods
Protein structure database
A protein structure database was compiled for the scaffolding search. To ensure both coverage and diversity of the obtained scaffolds, the PISCES [65] server was used to generate a representative, non-homologous set of Protein Databank (PDB) entries at the 90% identity level, with a resolution cutoff of 3.0 Å , and an R-factor cutoff of 1.0. As of October 29, 2010, the PISCES server yielded an annotated list of 19,500 peptide chains after screening with sequence similarity and structure quality filters. All protein chains with only C a atoms were marked; duplicate chains were eliminated from each entry in the database compilation; modified amino acids were identified from a look-up table of predefined types and renamed accordingly with the modified groups removed; insertions were renumbered so that their residue numbers were in ascending order in the resulting PDB file.
Scaffolding/transplantation for vaccine design
The scaffolding/transplantation-based vaccine design (Fig. 1) consists of identification of supersites of HIV-1 vulnerability to broadly neutralizing antibodies on the pathogen, structural characterization of antibody-epitope interactions, structure-based computational design of supersite transplants, and antigenic and structural analysis of the supersite transplants. The computational scaffolding/transplantation procedure is essential to this vaccine strategy and contains four steps.
In
Step 1, an exhaustive search is performed to find scaffold proteins suitable for supersite transplantation. In our study, a scaffolding algorithm based on structural alignment [26] was implemented and tested. The scaffolding search results in a list of PDB entries with key parameters calculated for each entry, including protein size (number of residues), matching criteria (C a RMSD and number of residues matched), template-epitope exposure in the scaffold context, and a simple scaffold-antibody clash score (sum of r 21 for all heavy-atom contacts within 1 Å ). Desired scaffolds are then selected based on these parameters.
In
Step 2, two grafting approaches may be used to produce a supersite transplant model. If all template-antibody epitope residues can find matches in the scaffold protein, 'side-chain grafting' is sufficient. However, when the template antibodyepitope cannot be matched to a scaffold region residue by residue, 'backbone grafting' has to be utilized to generate the atomic model. In such cases, template antibody-epitope residues -both backbone and side chain atoms -are grafted onto target protein by superposition of selected anchoring points, e.g. N-and Cterminal residues of the epitope loop. The supersite-transplant models may be further relaxed by energy minimization.
In Step 3, supersite transplant models are evaluated using empirical scoring functions and statistical potentials, which have been applied to evaluate homology models and large structure ensemble generated by MD simulation [66] . Briefly, the tabulated soft-core van der Waals (vdW) function can be used to detect steric clashes, while the statistical potential DFIRE [29] is more sensitive to unfavorable side-chain contacts. High scoring residues (e.g. $2 DFIRE score) interacting with the grafted supersite may be subjected to visual inspection and further side-chain modeling.
In Step 4, problematic residues are optimized using a side-chain modeling/prediction program that combines a statistical potential (DFIRE), an XYZ side-chain rotamer library [67] and a combinatorial search algorithm named FASTER [68] .
Structural alignment-based scaffolding
We used TM-align [26] , a structural alignment algorithm, as core engine for scaffolding search. Compared with other widely used methods [28] , TM-align uses a different scoring scheme (termed TM-score [69] ) that emphasizes more on global similarity than local deviations, that could affect structure fitting and lead to a large RMSD value. Due to the stochastic nature of the structural alignment algorithm, parameters such as epitope length could have notable effect on the outcome and therefore have been tested in each run to find optimal values. For a multi-segment epitope, different orders of the segments were tried in separate scaffolding runs as the structural alignment algorithm assumes a sequential order of the residues provided in the epitope PDB file. It is also worth noting that each epitope residue is weighted equally in the algorithm and as a result the scaffolds found may be biased towards the larger segment(s) in a multi-segment epitope.
Construction of plasmids encoding supersite transplants
Sequences for each of the scaffolds from different designs were codon optimized for expression in Homo sapiens, synthesized and cloned into the pJ603 or pVRC8400 mammalian expression vectors (DNA 2.0, CA; Life Technologies, CA). For the 10E8 supersite transplants, Hisx8/Strep or GFP/Hisx8 tags were appended to the C-terminus of the transplants. For the V1V2-supersite transplants, Hisx8/Strep tags were appended to the C-terminus of the transplants. For the glycan V3-supersite transplants, HRV3C cleavage site and Hisx8/Strep tags were appended to the Cterminus of the transplants. To create a flexible, non-scaffolded mini-V3, the sequence EINCTRPNNNTRPGEIIGDIRQAHC-NIS was fused to the Fc portion of human IgG1 with a GG linker. A HRV3C cleavage site was also inserted after the GG linker for cleaving the mini-V3 peptide off the Fc carrier when needed. The plasmids were prepared by standard methods (DNA 2.0, CA, or GeneImmune, MD).
Transient transfection expression of supersite transplants in 96-well microplates
A 96-well microplate-formatted transient gene expression approach was used to achieve high-throughput expression and screening of various scaffold proteins. HEK 293T cells (Invitrogen, CA) were thawed and incubated with growth medium (High Glucose Dulbecco's Modified Eagle Medium with 10% Fetal Bovine Serum and 1% streptomycin-penicillin) (Invitrogen, CA) at 37uC, 5% CO 2 , until the cells reached logarithmic physiological growth. 24 hours prior to DNA-transient transfection, 100 ml of physiologically growing cells was seeded in each well of a 96-well microplate at a density of 2.5610 5 cells/ml in expression medium (High Glucose Dulbecco's Modified Eagle Medium supplemented with 10% Ultra-Low IgG Fetal Bovine Serum and 1x-NonEssential Amino Acids) (Invitrogen, CA), and incubated at 37uC, 5% CO 2 for 20 hours. Two hours prior to transfection, 100 ml of spent medium from each well was replaced with 60 ml of fresh expression medium.
DNA-TrueFect-Max complexes were used for transfection, and these were prepared by mixing 0.2 mg plasmid DNA in 10 ml of Opti-MEM transfection medium (Invitrogen, CA) with 0.4 ml of Table 5 . Presentation of glycan V3-supersite transplants in a nanoparticle context reduces their apparent rate of dissociation. TrueFect-Max (United BioSystems, MD) in 10 ml of Opti-MEM, and incubating for 15 min prior to transfection. 20 ml of the complex was added into each well and mixed with growing cells, and the 96-well microplate was incubated at 37uC, 5% CO 2 . One day post transfection, 20 ml of enriched medium (High Glucose Dulbecco's Modified Eagle Medium plus 25% Ultra-Low IgG Fetal Bovine Serum, 2x Non-Essential Amino Acids, 1x glutamine) was added to each well, and returned to incubator for continuous culture. On days three to five post transfection, the culture was exposed to oxygen in the sterilized air once per day. Five-day post transfection, the expressed transplant protein titer in the supernatant in 96-well microplate was quantified using an Octet RED384 (ForteBio, CA 
Quantification of supersite transplant expression by Octet assay
The titers of His-tagged supersite transplant proteins in expression supernatants were quantified by Octet RED384. Anti-Penta-His biosensors (ForteBio, CA) were presoaked in 1X Kinetics buffer (ForteBio, CA). 40 ml of supernatant expressed in 96-well microplate was diluted in 160 ml of PBS for analysis, with 40 ml of non-transfection culture medium diluted in 160 ml of PBS as a negative control. Standard curves were generated using serial diluted His-tagged protein with known concentration. All sensorgrams were obtained over 200 seconds at 30uC at a shake speed of 1000 rpm. The titers of supersite transplant proteins were automatically calculated using the Octet analysis software.
Quantification of supersite transplant expression by ELISA 30 ml of supernatant from each well of the 96-well microplate was mixed with 70 ml of PBS, coated onto Maxisorb (Fisher Scientific, PA) 96-well ELISA plates and incubated overnight at 4uC. The wells were washed once with wash buffer (PBS+0.05% Tween 20), and 300 ml of blocking buffer (PBS with 5% w/v dry milk) was added to each well and incubated for 2 hours at room temperature (RT). The wells were then washed 5 times with wash buffer. 100 ml of mouse Anti-Penta-His primary antibody (QIA-GEN, CA) at 0.1 mg/ml was added to each well and incubated for 1 hour at RT and the wells were washed 5 times with wash buffer. Horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody (Jackson ImmunoResearch Laboratories Inc., PA) at 1:5,000 was added to each well and incubated for 1 hour at RT. The plate was then washed 5 times with wash buffer and developed using 3,39,5,59-tetramethylbenzidine (TMB) (Kirkegaard & Perry Laboratories, MD) at RT for 10 min before the reaction was stopped with 180 mM HCl. The readout was measured at a wavelength of 450 nm. All samples were performed in duplicate.
Binding assay of supersite transplant by ELISA 30 ml of supernatant from each well of the 96-well microplate was mixed with 70 ml of PBS and incubated in each well of a Nickel coated 96-well ELISA plate (Thermo Scientific, IL) for two hours at room temperature (RT) or overnight at 4uC. The well was washed once with wash buffer, and then incubated with 100 ml of respective anti-HIV-1 antibody at a concentration of 10 mg/ml in PBS+0.05% Tween 20+0.2% w/v dry milk for 1 hour at RT. After 5-time wash with wash buffer, the wells were incubated with 100 ml of Horseradish peroxidase (HRP)-conjugated goat antihuman IgG Fc antibody (Jackson ImmunoResearch Laboratories Inc., PA) at 1:10,000 in PBS+0.05% Tween 20+1% w/v dry milk for 30 min at RT. The wells were then washed 5 times with wash buffer and developed using TMB at RT for 10 min before addition of 180 mM HCl. The readout was measured at a wavelength of 450 nm. All samples were performed in duplicate.
Expression and purification of antibody IgG and supersite transplant recombinant proteins
For each 1 L expression, 500 mg of supersite transplant plasmid DNA (or 250 mg of each heavy chain and light chain plasmid DNAs) were added to 20 ml of Opti-MEM transfection medium (Invitrogen, CA) and combined with 20 ml of Opti-MEM transfection medium containing 1 ml of TrueFect-Max transfection reagent (United Biosystems, Bethesda, MD). The DNATrueFect-Max complexes were incubated for 20 minutes at room temperature before adding to 800 ml of FreeStyle 293F cell culture (1.4610 6 cells/ml) in a 2-L shaking flask. For expression of the glycan V3-supersite transplant proteins, FreeStyle 293F cells were pre-incubated with glycan inhibitor kifunensine (Enzo Life Sciences, NY) at 12.5 mg/L or swainsonine at 10 mg/L for 2 hours prior to transfection. The cell culture was returned to suspension incubation for 24 hours at 37uC, 8% CO 2 and 125 rpm, and then fed with 100 ml of enriched CellBoost-5 medium (HyClone, Logan, UT) containing 1 mM valproic acid (SIGMA, St. Louis, MO) (for antibodies) or sodium butyrate (SIGMA, St. Louis, MO) (for supersite transplant proteins) as expression enhancer. The supernatant was harvested 6 days post transfection by centrifugation and filtered through 0.22 mm filter. The antibody IgG was purified by Protein A affinity column.(-Protein A Plus Agarose, Thermo Scientific, Rockford, IL). The supersite transplant proteins were purified by Ni-NTA column (Ni-NTA resin, QIAGEN, Valencia, CA) followed by gel filtration with a Superdex S200 column (GE Healthcare, NJ).
Surface plasmon resonance
Binding affinities of the supersite transplants and their variants to antibodies were assessed by surface plasmon resonance on a Biacore T-200 (GE Healthcare) at 20uC with buffer HBS-EP + (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% surfactant P-20). In general, mouse anti-human Fc antibody was first immobilized onto a CM5 chip at 8000-10000 response units (RU) with standard amine coupling protocol (GE Healthcare). Human anti-HIV antibody IgG were then captured with the immobilized anti-human Fc antibody to 250-500 response units (RUs). Site transplants at 2-fold increasing concentrations were injected over the captured antibody channel and a reference channel without captured IgG at a flow rate of 30 ml/min for 3 minutes and allowed to dissociate for another 5 minutes before regeneration with two 25 ml injections of 3.0 M MgCl 2 at a flow rate of 50 ml/min. For proteins with high nonspecific binding to the CM5 chip or mouse anti-human Fc antibody, a 1-minute injection of 2 mM human Fc after the IgG capture step was used to block unliganded mouse anti-human Fc antibody. Blank sensorgrams were obtained by injection of same volume of HBS-EP + buffer in place of site transplant proteins. Sensorgrams of the concentration series were corrected with corresponding blank curves and fitted globally with Biacore Evaluation software (GE Healthcare) using a 1:1 Langmuir model of binding.
Structural analysis of glycan V3 supersite
To compare interactions between the glycan V3 supersite and human antibodies that target this site, we aligned the eODmV3:PGT128 (PDB ID 3TYG) and JRFLgp120:PGT135 (PDB ID 4JM2) complexes to the trimeric BG505 SOSIP gp40:PGT122 complex (PDB ID 4NCO) over the gp120 outer domain region. The orientations of approaching antibodies were visualized with PyMol [70] and the gp120:antibody interfaces were analyzed with program PISA [71] . Contributions of peptides and glycans inside or outside the glycan V3 region to the epitope of each antibody were compared.
Ferritin nanoparticles of glycan V3-supersite transplants
The glycan V3-supersite transplants were placed onto selfassembling Helicobacter pylori non-haem ferritin (PDB ID 3BVE) nanoparticles by fusing the supersite transplants to the N-terminus of ferritin with a flexible GGGGSG linker. The fusion proteins were expressed in 293F cells in the presence of kifunensine with protocols described above and purified with Lentil LectinSepharose affinity column (GE Healthcare, NJ). 
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